Red spruce (Picea rubens Sarg.) and black spruce (Picea mariana (Mill.) B.S.P.) are genetically and morphologically similar but ecologically distinct species. We determined intraspecific seed-source and interspecific variation of red spruce and black spruce, from across the near-northern margins of their ranges, for several light-energy processing and freezing-tolerance adaptive traits. Before exposure to low temperature, red spruce had variable fluorescence (F v ) similar to black spruce, but higher photochemical efficiency (F v /F m ), lower quantum yield, lower chlorophyll fluorescence (%), and higher thermal dissipation efficiency (q N ), although the seedsource effect and the seed-source × species interaction were significant only for F v /F m . After low-temperature exposure (-40°C), red spruce had significantly lower F v /F m , quantum yield and q N than black spruce, but higher chlorophyll fluorescence and relative fluorescence. Species, seed-source effect, and seed-source × species interaction were consistent with predictions based on genetic (e.g., geographic) origins. Multitemperature exposures (5, -20 and -40°C) often produced significant species and temperature effects, and species × temperature interactions as a result of species-specific responses to temperature exposures. The inherent physiological speciesspecific adaptations of red spruce and black spruce were largely consistent with a shade-tolerant, late-successional species and an early successional species, respectively. Species differences in physiological adaptations conform to a biological trade-off, probably as a result of natural selection pressure in response to light availability and prevailing temperature gradients.
Introduction
Despite morphological (Manley 1971) and genetic (Bobola et al. 1992 ) similarities between red spruce (Picea rubens Sarg.) and black spruce (Picea mariana (Mill.) B.S.P.), their life histories suggest that they are ecophysiologically distinct; however, there is little information available on the adaptive traits of these species. Red spruce has historically been an important and characteristic component of the Acadian Forest Region of eastern Canada (Rowe 1972 ) and forests of the northeastern United States (Blum 1990) . A long history of selective removal, particularly during the 1800s, and clearcut harvesting during the 1900s have eroded population sizes and numbers (Korstian 1937 , Gordon 1996 . Adverse environmental, atmospheric and climatic changes have also been associated with red spruce decline Siccama 1983, Hamburg and Cogbill 1988) .
Red spruce is a late-successional shade-tolerant species. The area of continuous distribution and the center of the red spruce range are now limited to southern portions of New Brunswick and Nova Scotia, and the northern New England States (McLaughlin et al. 1987) . The westernmost extension of red spruce occurs as a disjunct and highly fragmented metapopulation associated with the Algonquin Highlands of southern Ontario (Gordon 1994 . Red spruce is declining at a time when anticipated climate warming suggests a range expansion northward and greater ecological and commercial roles for red spruce in the near-northern parts of its range.
Black spruce is a transcontinental species associated with boreal and mixed-wood forests. It usually grows on moist organic soils, but is also productive on a variety of upland soil types (Viereck and Johnston 1990) . Black spruce is often a post-fire early-successional species and its forest stands are generally even aged. Red spruce is sympatric with black spruce across most of its range, except in isolated montane remnants in the southern part of the Appalachian Mountains (Blum 1990) . Red spruce and black spruce are known to hybridize (Manley 1971) .
Light-processing physiology and freezing tolerance are important fitness traits that can vary among and within species (Joyce 1987 , Johnson et al. 1993 . Although red spruce and black spruce are sympatric in eastern North America, red spruce is less cold-tolerant than black spruce in the montane conditions of the northeastern United States (Berlyn et al. 1990 ) and the species suffers periodic winter injury (DeHayes et al. 1990 ). Red spruce breaks dormancy sooner than balsam fir (Abies balsamea (L.) Mill.) during mid-winter thaws and this is a probable cause of the damage and dieback that has been observed periodically in red spruce (DeHayes et al. 1990 , Schaberg et al. 1996 . Chlorophyll fluorescence has been used as an indicator of light-processing physiology (Maxwell and Johnson 2000) and freeze-induced injury, producing results comparable with visible injury observations (Sundblad et al. 1990, Adams and Perkins 1993) . Chlorophyll fluorescence has the advantage of detecting non-visible injury before it manifests itself and is less subjective than visual observation (Lichtenthaler and Rinderle 1988, Schreiber et al. 1994) .
We examined and compared intraspecific seed-source and interspecific variation of red spruce and black spruce, from across the near-northern margins of red spruce's range, for several light-energy processing and freezing-tolerance adaptive traits. We tested the hypothesis that, as distinct species, red spruce and black spruce possess distinct light-energy processing and freezing-tolerance traits that reflect adaptations to the different ecological niches that these species typically inhabit. The species × region interaction may be of special interest, particularly for small, isolated populations. Our specific objectives were to: (1) determine species and seed-source variation in light-processing chlorophyll fluorescence traits before low-temperature exposure; (2) determine species and seedsource tolerance to low-temperature exposures; (3) examine the interrelationships of key fluorescence traits; and (4) assess the sensitivity of chlorophyll fluorescence as a tool for characterizing adaptive traits. Results are discussed with respect to the ecological role of each species.
Materials and methods

Seed source
The experiment comprised two species (red spruce and black spruce), three regions (the Canadian provinces of Nova Scotia (NS), New Brunswick (NB) and Ontario (ON)), and two locations from each region per species. Each location included one selected population of red spruce and a nearby population of black spruce. We define population as a group of potentially interbreeding trees; similar terminology has been used for our red spruce groups in population genetics, reproductive trait, and mating systems studies . Seed source is a general inclusive term that refers to region, location, or population of seed origin.
Red spruce cones were collected from 15-20 dominant and codominant trees from several populations in the northern part of this species' range in NS, NB, and ON during September 1996 . The sampled populations were all located within similar ranges of latitude and elevation (Table 1). The ON (region) populations consisted of small remnant stands, often with fewer than 40-50 widely spaced trees per stand within upland hardwood forest mixtures. The NB populations generally consisted of medium-sized stands of up to several hundred mature trees. The NS red spruce populations consisted of several thousand trees in relatively undisturbed old-growth forest stands dominated by red spruce of all ages. Stand age, tree size, seed extraction, processing, and some basic comparisons to other populations are described in Mosseler et al. (2000) .
Black spruce seeds were obtained from previously bulked seedlots collected from dominant and codominant trees and stored at the Canadian Forest Service's National Tree Seed Centre. The geographically closest black spruce populations were selected for detailed examination and comparison with the red spruce populations. Seeds were extracted and stored according to International Seed Testing Association protocols (ISTA 1996) . No seed stratification treatments are required for these species (ISTA 1996) .
Growing environment
Seeds were sown in hydrated 36-mm Jiffy peat pellets (Jiffy Products, Shippigan, NB, Canada) (90 ml full volume) at the beginning of June 1998 and grown in a greenhouse at the Canadian Forest Service, Atlantic Forestry Centre (CFS-AFC), Fredericton, NB, Canada (45°52′ N, 66°31′ W). Seedlings were watered and fertilized twice weekly from June 11 to 29 with 11:41:8 (N,P,K) plus micronutrients at 50 ppm N; from July 1 to September 7 with 20:8:20 at 100 ppm N two or three times weekly; and from September 15 to October 28 with 8:20:30 at 35 ppm N twice weekly. Day/night temperature and humidity were set at 26/26°C and 70% RH from June 1 to 29; 25/18°C and 60/50% RH from July 1 to September 30; and 10/5°C and 60/50% RH from October 1 to November 30. Natural light was supplemented by illumination from sodium vapor lamps, with an 8-h blackout period starting from September 8. Bud initiation began on September 18.
Low-temperature exposure
Chlorophyll fluorescence measurements and low-temperature exposures were made between December 18 and 22, 1998. Eight seedlings were randomly selected from each population. Intact needles were removed from the middle of the leader. Two sets of six needles were placed on clear adhesive tape oriented in the same direction and spaced evenly. One set was placed in a bag for exposure to -40°C, whereas the other set was measured immediately at 5°C and then placed in a bag for the -20 °C temperature test.
All samples were placed immediately in a darkened growth chamber (Conviron PG88, Winnipeg, Canada) set at 5°C. A -70°C programmable freezer (Superline Refrigeration, Toronto, Canada) equipped with an Omega temperature controller (Series CN-2010, Stamford, CT) was used to expose the needles to low temperatures. Freezer air temperature was monitored with a Campbell Scientific CR10 data logger and thermocouple probe. Low-temperature samples were stored in the freezer at 5°C overnight. The next morning, the freezer air temperature was lowered at a rate of 5°C h -1 to -20°C and maintained at -20°C for 30 min. Samples were removed at the end of the 30-min period and placed in the darkened growth chamber set at 5°C. The freezer temperature was then lowered at 5°C h -1 to -40°C and maintained at -40°C for 30 min before samples were removed and placed in the darkened 5°C growth chamber for 30 to 60 min.
Chlorophyll fluorescence measurements
Thirty minutes before chlorophyll fluorescence measurements, samples were placed in a darkened growth chamber set at 20°C. Chlorophyll fluorescence was measured with a pulse amplitude modulated fluorometer (PAM-2000, Walz, Effeltrich, Germany) . After the initial measurement of fluorescence (dark-adapted minimum fluorescence, F o ), needles were exposed to saturating light (> 3000 µmol m -2 s -1 ) for 0.8 s and maximal fluorescence of dark-adapted foliage (F m ) was measured. From these observations, we calculated dark-adapted photochemical efficiency (F v 
. Samples were then exposed to a continual actinic irradiance of 100 µmol m -2 s -1 and to saturating light every 20 s, and light-adapted fluorescent traits were measured (Schreiber et al. 1994) . Quantum yield of photosystem II (PSII) was determined ((F m ′ -F t )/F m ′), where F m ′ is maximal fluorescence when light-adapted foliage is exposed to a pulse of saturating light and F t is the fluorescence yield in actinic light. Photochemical quenching (
were calculated according to Schreiber et al. (1994) , where
is light-adapted variable fluorescence and F o ′ is fluorescence after far-red light exposure. After 4 min of actinic light exposure with 20-s intervals of saturating light flashes, fluorescence, effective quantum yield and quenching measurements had adjusted to the actinic light and reached steady state.
Percent fluorescence was determined as PCFL = 100(F vfl / F vall ), where F vfl is F t -F o ′, and F vall is F m -F o ′. Percent thermal dissipation efficiency, q N (%), was calculated as 100q N . Relative fluorescence after low-temperature exposure (LTE, -20 and -40°C) was calculated as (F t (LTE) -F t (control))/F t (control)100.
Design and statistical analyses
The study was established as a completely randomized design, with trays of seedlots randomly located across greenhouse benches. Species, seed source (region), and temperature were all considered fixed effects. Effects of species, region, and species × region, as well as species, temperature, and species × temperature, were evaluated by analysis of variance. Simple linear regressions were used to determine relationships between various key fluorescence traits.
Results
Control (ambient) response
There were no significant region or species × region effects for any fluorescence traits of the control seedlings unless otherwise noted (Table 2 ). There were no significant species effects for F v (P = 0.317), which had an overall mean value of 1.50 ± 0.01 (SE) ( Table 2 ). Red spruce had higher F v /F m than black spruce (P < 0.001). There was a significant species × region effect (P = 0.005) and no regional effect (P = 0.746) (r 2 = 0.317) ( Figure 1A ) on F v /F m . The significant species × region interaction was a result of a change in direction of the species effect across regions. Red spruce populations always had higher F v /F m than black spruce populations, but had P-values of 0.134, 0.059 and < 0.001 for the ON, NB and NS regions, respectively, for species differences. Values of F v ′ differed significantly between species (P < 0.001), with values of 0.495 and 0.300 for black spruce and red spruce, respectively, a difference of 65% (Table 2) . Quantum yield was significantly different (P < 0.001) between species, with values of 0.453 and 0.379 for black spruce and red spruce, respectively (Figure 1B) . Black spruce q P was significantly higher than that of red spruce (P = 0.003), but only by 4.2% (Table 2 ). The PCFL was 6.81 and 4.63% of the total variable fluorescence range for black spruce and red spruce, respectively (P < 0.001), a difference of 47.1% ( Figure 1C ). Red spruce q N was significantly higher than black spruce q N , with values of 80.9 and 68.2%, respectively (P < 0.001) ( Figure 1D ). 
Low-temperature exposure
For species and region effects, only the results of the -40°C temperature exposure are presented; the -20°C results were comparable to the -40°C results. At -40°C, F v differed significantly between species (P = 0.047), and showed a marginal region effect (P = 0.079), but no species × region interaction (P = 0.649) ( Table 2) . Black spruce had consistently higher F v than red spruce, and ON black spruce had the highest F v , followed by the NB and NS populations. Black spruce had higher F v /F m than red spruce (0.727 versus 0.647; P = 0.027), but there were no regional (P = 0.362) or species × region (P = 0.750) effects ( Figure 2A ). There were no significant region or species × region interaction effects for light-adapted traits measured at -40°C except for one significant region effect for q P (Table 2) . Red spruce had a 19.1% higher F v ′ than black spruce (0.537 versus 0.451; P = 0.052) ( Table 2 ). Quantum yield was significantly different (P = 0.002) between species, with values of 0.252 and 0.193 for black spruce and red spruce, respectively (Figure 2B ). Black spruce q P was higher than that of red spruce (P < 0.001) ( Table 2 ). The PCFL was 21.5 and 35.1% of the total variable fluorescence range for black spruce and red spruce, respectively (P < 0.001), a difference of 63.2% (Figure 2C ). Red spruce q N was 49.54% compared with 62.48% for black spruce (P < 0.001) ( Figure 2D ). Relative fluorescence of needles exposed to -40°C differed significantly between species (P < 0.001), but there was no significant region effect (P = 0.146) or species × region interaction (P = 0.912) (r 2 = 0.510) ( Table 2) . At -20°C, black spruce showed a 5.1% increase in fluorescence (not shown) compared with a 42.4% increase for red spruce. At -40°C, relative fluorescence increased by 47.0 and 150.2% for black spruce and red spruce, respectively.
Species × temperature effect
There was no species effect on F v (P = 0.334), but there was a significant temperature effect (P < 0.001) and a marginal species × temperature interaction (P = 0.058) ( Table 3 ). With a decrease in temperature from 5 to -20°C and from -20 to -40°C, F v decreased approximately 15%. There was no significant difference between species at 5 or -20°C, but F v was higher in black spruce than in red spruce at -40°C (P = 0.047). There was no consistent species effect on F v /F m (P = 0.129), but there were significant temperature (P < 0.001) and species × temperature (P = 0.014) effects ( Figure 3A) . Red spruce had significantly higher F v /F m than black spruce (P < 0.001) at 5°C, but there was no species difference at -20°C (P = 0.664), and black spruce had higher F v /F m than red spruce at -40°C (P = 0.014). In black spruce, F v /F m decreased by 3.6% at each temperature drop, whereas F v /F m of red spruce decreased 8.4 and 14.7% with each temperature drop.
There were significant species (P = 0.023), temperature (P < 0.001) and species × temperature effects (P < 0.001) on F v ′ (Table 3) . At 5°C, black spruce and red spruce had F v ′ values of 0.495 and 0.300, respectively (P < 0.001). At -20°C, F v ′ of both species was about 0.300 (P = 0.546). At -40°C, F v ′ was higher in red spruce than in black spruce (0.537 versus 0.450; P = 0.052). Significant species and temperature effects (P < 0.001) were observed for quantum yield, but there was no significant species × temperature interaction (P = 0.640; r 2 = 0.525). Black spruce had a higher quantum yield than red spruce at each test temperature. Overall, quantum yield decreased by 52.9% from 5 to -20°C and 22.5% from -20 to -40°C. The PCFL was significantly different for all three sources of variation ( Figure 3B ). Fluorescence accounted for an average of 5.7, 10.6 and 27.6% of the total variable fluorescence at 5, -20 and -40°C, respectively. Fluorescence of black spruce was significantly higher than that of red spruce at 5°C, similar at -20°C, and lower at -40°C. The q P analysis showed significant species (P < 0.001), temperature (P < 0.001), and species × temperature (P = 0.013) effects (Figure 3C) . The species × temperature interaction was a result of changes in magnitude. Black spruce q P was consistently greater than red spruce q P and the magnitude of the difference increased as temperature decreased. There was a species interaction with temperature for q N (%) (P < 0.001) ( Figure 3D ). At 5°C, q N was higher in red spruce than in black spruce (P < TREE PHYSIOLOGY ONLINE at http://heronpublishing.com 0.001), and both species had similar values at -20°C; however, at -40 °C, q N was higher in black than in red spruce.
Interrelationship of key fluorescence traits, ambient and low-temperature exposure
Quantum yield had a positive relationship with chlorophyll fluorescence (%; P < 0.001, r = 0.903) in control seedlings ( Figure 4A ). The Cross Lake (NS) and Alice (ON) black spruce populations had among the highest quantum yields. Among the red spruce populations, the Blythe Township (ON) population had the highest quantum yield and the Centennial Ridge (ON) and Quiddy River (NB) populations had the lowest quantum yields. Both quantum yield and chlorophyll fluorescence had negative relationships with q N (quantum yield: r = -0.961; P < 0.001, data not shown; fluorescence: r = -0.934; P < 0.001, Figure 4B ).
For seedlings exposed to -40°C, quantum yield had a negative relationship with chlorophyll fluorescence (r = -0.773, P < 0.001, Figure 4C ). The highest quantum yields were for the black spruce populations at Trouser Lake (NB) and North Bay (ON). The highest-ranking red spruce populations for this trait were Blythe Township (ON) and Quiddy River (NB). There was a positive relationship between quantum yield and q N (r = 0.800, P < 0.001, data not shown). Red spruce populations were among the lowest yielding seed-sources, led by Rossignol Lake (NS), Centennial Ridge (ON) and Blowdown Brook (NB). The Cross Lake (NS) black spruce population also had among the lowest yields. There was a negative relationship between chlorophyll fluorescence and q N (r = -0.974, P < 0.001, Figure 4D ).
Discussion
Species and region variation, ambient temperature response
The F v /F m ratio is a measure of photochemical efficiency of the PSII reaction center (Lichtenthaler and Rinderle 1988) . 690 MAJOR, BARSI, MOSSELER, CAMPBELL AND RAJORA TREE PHYSIOLOGY VOLUME 23, 2003 The consistently higher F v /F m for red spruce compared with black spruce suggests that either (1) red spruce has inherently greater photochemical efficiency, (2) black spruce was under stress, or (3) black spruce was physiologically in a deeper state of dormancy than red spruce. Explanation 2 is unlikely because the experiment was randomly executed and thus the species, regions and trays were all treated similarly and with no undue stress. With respect to Explanation 3, as fall dormancy proceeds, F v /F m values generally decrease with a corresponding decrease in total dark-adapted variable fluorescence values (F v ) (Devisscher et al. 1995 , Westin et al. 1995 . Within the red spruce seed sources, F v /F m values decreased westward from NS through NB and ON seed sources. This is consistent with the ON region having a colder, more continental climate than NB, which, in turn, is colder than NS. However, black spruce from ON and NB had similar F v /F m values that were higher than those of black spruce from NS, which is inconsistent with the third hypothesis. In addition, there were no significant species, seed-source, or region × seed-source differences in F v , indicating that there are inherent species differences, which supports Explanation 1. The species difference in F v /F m was due to differences in F o , which is a measure that generally decreases with dormancy (Mohammed et al. 1995) . However, the data showed no consistent seed-source effect. Thus, it appears that inherent species differences in F v /F m , rather than dormancy or stress effects, are the most likely cause of the observed difference. The greater photochemical efficiency of red spruce compared with black spruce indicates that red spruce was more efficient at trapping light energy in the pigment bed of PSII (Maxwell 1995) . This trait may enhance the ability of the shade-tolerant red spruce to trap light energy from periodic sun flecks under a forest canopy (Blum 1990) .
Black spruce had a 20% higher quantum yield than red spruce, indicating its greater photochemical efficiency in light. The higher proportion of energy transferred to the photosynthetic process in black spruce (at 25%) than in red spruce (at 14.4%) is substantial considering that red spruce had a higher F v /F m . The higher quantum yield for black spruce is also consistent with its ecological role as an early successional species (Viereck and Johnston 1990) . A higher inherent quantum yield would be advantageous in a competitive and high-light environment on exposed sites, such as after a fire.
Red spruce had a higher proportion of fluorescence quenching related to thermal energy dissipation efficiency (q N ) than black spruce. High q N is often related to high photoprotection or a photoinhibition effect (Maxwell 1995 , Mohammed et al. 1995 . Because of the relatively low irradiances used in this study, the q N measure is probably related to photoprotection ability. The higher q N in red spruce than in black spruce is consistent with the expected ecological roles of these species. It has been observed that shade-tolerant species have higher thermal dissipation efficiency than shade-intolerant species (Johnson et al. 1993, Demmig-Adams and Adams 1994) . Because red spruce is physiologically adapted to shade under a forest canopy, it may require greater photoprotection efficiency than black spruce at high irradiances (cf. Maxwell TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 1 ). 1995). High q N serves to dissipate excess light-excitation energy in a photoprotective manner and is a measure of the efficiency of heat dissipation (Maxwell and Johnson 2000) .
Species and region variation, low-temperature exposure
In contrast to the measurements made before exposure to low temperatures, black spruce had higher F v /F m values than red spruce following exposure to low temperatures as a result of higher F m and lower F o (data not shown). An increase in F o has previously been observed in response to freezing-induced damage (Strand and Öquist 1988, Binder and Fielder 1996) . The highest F m values were found in populations in the more continental region (ON) and the lowest values were found in populations from the maritime (NS) region. The largest regional difference in F v /F m between black spruce and red spruce was in the ON and NS populations. The species difference in NS may be attributed to a greater effect of maritime location on adaptations of a temperate species compared with a boreal species. The species difference in ON may be the result of inbreeding depression in some members of the red spruce populations compared with the neighboring black spruce populations .
Black spruce had consistently higher quantum yields than red spruce, irrespective of test temperature. However, in contrast to a consistent and similar species response across regions for this trait before low-temperature exposure, after low-temperature exposure there was not only a species response but also a region effect, with ON and NB yields higher than those in NS. Black spruce PCFL values after low-temperature exposure also showed a weak regional response, with ON populations having the lowest and NS populations the highest values. The reverse trend was observed for q N . These observations are consistent with a regional maritime influence on adaptations, resulting in greater freezing damage in NS seed sources than in ON and NB seed sources. This is consistent with similar reports in conifers. Coastal versus interior Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) seedling storage tests have demonstrated that interior provenances are better able to tolerate freezing storage than coastal provenances (van den Driessche 1976 , Rehfeldt 1977 .
Species × multiple temperature effects
Temperature exposure effects were always significant, often interacting with species. The steady reductions in F v and F v /F m were a result of both a consistent decrease in F m and an increase in F o , with red spruce impacted more than black spruce for both measures. The significant species × temperature interaction of F v /F m illustrates the sensitivity of red spruce to low temperature, particularly the impact on F o and, in turn, its impact on F v /F m . An increase in F o in response to freezing stress was observed by Strand and Öquist (1988) in Scots pine (Pinus sylvestris L.) and by Binder and Fielder (1996) in white spruce (Picea glauca (Moench) Voss). A decrease in F v /F m or an increase in F o indicates the occurrence of photoinhibitory damage in response to stresses such as low temperatures (Maxwell and Johnson 2000) .
The clearest and most consistent impacts of low-temperature exposure were increases in F o ′ and F t . Fluorescence often increases when a plant is under stress or is damaged (Lichtenthaler and Rinderle 1988). However, increased fluorescence can also signify increased potential capacity (F m ′). Thus, a measure of the relative change is a more accurate reflection of stress caused by exposure to low temperature. Clearly, red spruce experienced significantly greater physiological stress than black spruce. The effect of low-temperature exposure on q P demonstrated a greater impact on red spruce than on black spruce (species × temperature, P = 0.013, Figure 3C ).
Mechanisms of chlorophyll fluorescence traits: temperature effects
The relationships between fluorescence traits allowed us to examine not only some of the mechanisms, possible trade-offs between traits, and stress effects, but also the genetic and population variation in these traits. The overall chlorophyll fluorescence quenches into the three main components q N (thermal dissipation), photosynthesis (quantum yield) and fluorescence (Lichtenthaler and Rinderle 1988, Schreiber et al. 1994) . Before low-temperature exposure, there was a positive relationship between quantum yield and fluorescence for both red spruce and black spruce populations, which is a consequence of a positive relationship between quantum yield and F m ′ (r = 0.757) (data not shown). It appears that a higher F m ′ results in a higher quantum yield and also a higher fluorescence (F m ′ to F t , r = 0.924) (data not shown); thus, the greater the F v ′ value, the greater the energy available for both photosynthesis and fluorescence. However, the highest quantum yields were associated with the lowest q N values and vice versa. This appears to be a biological trade-off as indicated by strong species differences, with populations of both species conforming to this relationship. High q N is associated with high photoprotection efficiency, a trait found in other shade-tolerant species (Johnson et al. 1993, Demmig-Adams and Adams 1994) . The distinct differences between black spruce and red spruce are consistent with their ecology and probably conform to a biological trade-off resulting from natural selection pressures in response to light availability. Early successional black spruce had inherently higher light quantum yield, whereas late-successional red spruce had higher photochemical efficiency and thermal dissipation efficiency. After low-temperature stress, the relationship between quantum yield and fluorescence reversed, becoming negative. This negative relationship appears to be a reflection of stability: the individuals/populations that maintain high quantum yields also have low fluorescence and vice versa. Thus, after low-temperature stress, light-adapted fluorescence is positively related to the degree of freezing stress or damage. The relationship between quantum yield and q N also reversed after low-temperature exposure, with high q N associated with high photosynthetic yields. It appears that the high q N after lowtemperature exposure reflects stability and intact photoprotective ability (Maxwell and Johnson 2000) . Reduced q N after low-temperature exposure indicates freezing stress or damage (Krause and Weis 1991, Mohammed et al. 1995) .
It has been hypothesized that tolerance to high irradiances, a trait and environment shared by most early successional species, also generally correlates well with greater tolerance to low-temperature exposure (Huner et al. 1993 , Maxwell 1995 . Preliminary light-response curves indicated that black spruce had greater tolerance to high irradiances than red spruce (J.E. Major, unpublished data). This general correlation compares well with the ecological roles of black spruce and red spruce. The same mechanism found in response to high irradiances was also found to be operating on the photosynthetic apparatus at low temperatures (Davison and Falkowski 1994, Maxwell 1995) .
Specific population response
Red spruce from Blythe Township, the most northern population in Ontario, was the most tolerant to low-temperature exposure. This northern population was as resilient as some black spruce populations to low-temperature exposure. These results contrast with the results of DeHayes et al. (1990) , who found that red spruce cold tolerance was weakly correlated with latitude, longitude and elevation. This discrepancy between studies may be due to the time of year, or possible inbreeding effects (Morgenstern et al. 1981) . Consistent with seed-source expectations for black spruce, a Nova Scotia population was the most sensitive to damage from low-temperature exposure, whereas populations from North Bay, ON, and a New Brunswick (Trouser Lake) population were among the most cold-tolerant. There was wide genetic variation in adaptations to low-temperature exposure both among and within populations of both species. Red spruce appeared able to endure extended periods of low winter temperatures without experiencing damage to its foliage or stem bole (e.g., Blythe Township, ON population) but may be less tolerant to mid-winter thawing followed by subsequent freezing events (Strimbeck et al. 1995) that are more common in maritime environments.
Conclusions
Although black spruce and red spruce have similar morphology, their ecophysiological adaptations before and after lowtemperature exposure differ. Many light-processing traits were consistently species-specific. Black spruce had inherently higher light quantum yield and freezing tolerance, whereas red spruce had higher photochemical efficiency and thermal dissipation efficiency. The inherent physiological traits of red spruce appear largely adaptive and consistent with its shade tolerance and position as a late-successional species. Chlorophyll fluorescence and quenching analysis produce a sensitive set of measurements that can reveal species adaptations and degrees of stress consistent with the genetic (e.g., geographic) background and damage experienced.
